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The molecular architecture of the
TNF superfamily

Jean-Luc Bodmer, Pascal Schneider and Jirg Tschopp

Uigands of the TNF {iwmour necrosis factor) superfamily hava pivotal roles In
the organbration and lunction of the immuna system, and are Implicated in the
aetloloyy of several aequired and genetic diseasos. TNF igunds sharaa
commeon structural mot!, the TNF homology domaln (THD}, which binds to
cystoine-tich domalns (CRDs) of TNF recaptors. CRDs am eompnsad of
structural modulas, whose varistion in nimbear snd typa confors hateroganeity
upon tha famity. Proteln folds reminiscent of the THD and CRE are also found in
otharproteln families, mising tha possibility that tha mode of Interaction
berween TNF and TNFreceptors might ba conservedin other conteots,
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Metazoan erganisms consist of an intricate and
ordared soclety of Individual celis that must
communicate to maintain and requlate their
functions. This ts achisved through a complex and
highly regulated netwerk of hormones, chemleal
medlators, chemoldnes and other cytokines, acting
as ligands for intra- or extracellular receptors,
Ligands and receptors of the tumour necrosts factnr
(FNF} superfamilies are axamplas of signal
transdusers whese integrated artiens impinge
prindipally mn the development, homeostasis and
adaptative responses of the lmmune system. Desplte
their varied and plelotropic actions, members of the
TNF Ugand and receptor {ENFR) familles have
remarkably sitnllar structures, and thelr made of
interactian 1 conserved. The aim of this reviewis o
provide an overview af the maleeuler architecture
and the modular arganization of the TNF and TNFR
gene superfamilies,

“Tha TNF famity

The TNF Hgand farnily comprises 18 genes encoding
19 type T (Le, intracellular N terminus and
extrasellular C tertninus) transmembrane proteins,
characterized by a conserved C-terminal demaln
salnied the “TNF hemology dematn’ {THD) (Fig. 1)
This trimeric damain is respmsible for receptor
binding and its sequence identity between family
members 1y ~20-30%. Although most Hgands are
synthesized as membrane-bound protelns, soluble

forms can be generated by Lmited proteslysts {Fig. 1).

Distinct proteases are Involved in this process,
depending on the lgand: metalloproteases of the
ADAM (a disintegrin and metallsproteinase domain)
family act on TNF and RANKL ligands {12,
matriiysin acts on Fas igand [FasL) {3}, and
members of the suhtilisin-ltke furin family set on
BAFF, EDA, TWEAK and APRIL-members of the
TNF Fasnly [4.5]. Solubliization Is essential for the
physiolegical functicn of some Hgands; mutation in

the furin recognition sequence of EDA is a frequent
tause of the genetle disvrder X-linked hypohidratiz
ectodermat dysplasta (XLHED} [4,6]. By contrast, the
shedding of sume Hgands inhibits their functian. For
instance, the cytotoxde activity of FasL is
dramatically downregulated upon cleavage |7}
The N tarminus of lymphotoxin a {L.To) resemblesa
signal peptide, making i¢s conversion to 2 soluble
form extremely efficient. Consaquently, LTals

never found at the cell surface except when itls
associated withmembrane-bound LTH as

LTe B, heterocarmplexes [B] (Flg. 1). Processing of
TNF-related apoptosts-indusing Ugand (TRALL) bya
cysteine protease has been proposed 8], putthea
resulting sofnble form seems to be ton sovall to retain
a funetional THD,

Ligands of the TNF family control and orchestrate
the immumne and Inflammatory respanses at several
levels {recently reviewed in Ref. {101, During
development, TNF Hgands such as TNF, LTe, LTh
and RANKL, provide crucial sipnals for the
marphogenesis of secandary Iymphetd ergans [10,11].
In additlon, the prooming and proper activation of
immuns prequsor tells to fully competent efiectors ts
dependentan several ather TNF famlly members
such as BAFF and CD40L for B lymphocytes [12-14];
4-1BBL, OX40L and CD2TL for T lymphocytes {15];
end CD40L and RANKL for dendritie cells 16,17}
Pro-apaptotic members of the familly {e.g. TNF, Fasl.
and TRAIL) contribute to the fimctiom of eytetmde
effector cells and participate in the homeostasis of the
lymphoid rompartmant by evoking activation-
inducad cell death Inimmune effectnr celis thathave
fulfllad thetr function [18]. Recent evidence indicates
that ether TNF family lgands regulate the
development and differentiation of eplthelial
structures (the EDA ligand), endothelial cells
{(VEGI and TWEAK) and hons-resorbing osteoclasts
[RANKL and TNF} [10.

‘TNF fanily Bgeands and receptors sre assodated
with several disease conditions that resuit from
acquired processes or genetic defects, Acquired acute
ot chronde inflammatery condions such as septic
shock er rheumatnid arthritts result from excessive or
inappropriate TNF expression {19], Murtations in TNF
ligands and/or receptors have been desaribed in five
hered!tary diseases: hyper EgM syndrome (HIM,
CP40L}, type I autolrromune lymphopreliferative
syndrume (ALPS, Fas/FasL), TNF-RI-assocated
periodic fever syndrame {TRAPS, TNF-R1),
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hypohidrotic ectodermal dysplasta (HED,
EDAZDAR) and farmilial expansile esteolysis (FEQ,
RANK; [10]. It is Likely that other links between TNF
members and diseasas will beuncovered in the future,

Structural festures of TNF family ligands

The THD Is 8 150 amine actd long sequence
containing a cemserved framework of acomatic and
hydrophoeble residuas (Fig, 2). Todats, atomic-level

structures are gvallable for the THD of TNF [20,21],
LTa {22], CD40L [23] and TRATL [24-27}. THD's
share a virtually identical tertiary fold and assoclate
to form trimeric proteins {Fig, 3a), The THDs

ere fi-sandwich structures containing two stacked
[-pleated sheets each formed by five anti-parattel

f strands that adopt a classieal "jelly-rolf topalegy.
The irmer sheet {strandsA, A", H, Cand F) 1s
involved in trimer contacts, and the outer sheet
{strands B, B’, D, E and G) Is exposed at the surface.
Trimeric THDs are -60 A In haight and resemble
belk-shaped, truncated pyramids with varlable loops
protrugding out of a compact core of conserved
antl-parallel B strands (Figs 2 3a). TRAIL {s unique
with respact to the AA’ loop, which eantains a

15 resldue-lang Insertion that spans the whale outer
surface of the menotmer [24,25,27]. The trimaris
assembled such that one edge of each subunit
(strands £ and F} Is packed against the inner sheet
of its nelghbour, forming large and mostly
hydrophobic interfaces, resulting In a very stable
interaction [20,26,27). TNF and CD40L contatn a
single disultide bridgs linking the CD and BF loops
[20,23] {Fig. 3a). Similar disulfide links are
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(b} ACRP39
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{e) Poliovirus

Fig. 3. Tho o necroals fazter {TNF) homalogy domaln [THD).
(2} Rivbhon clagrama of thes THD of humran TRF soen from tha alds fop)
s top (2 ) o Jory, Dty s Wightighted anu the
Dthaztwo sreshadsd. The ten srtl.parllel B sysnds {destgnnng A, A',
B, B, &, 0. £, F, 5 andt K acconding ta Ref. $207} om coloured using tha
i et asln P, 2 Intervening loopy are siown ettt The

tion of i THO relath hrsnrn I3 intisatad, Nowthe
cinea proximity of N snd Clerminl. Modals ers baaad on the POS stomds
coordinata s 1THF (28], {b) Structura of ths gC1q domaln of ruring

ACARIO ida (eap} ert tep {1 ) ing
Its y inthe THI, Modals yra POimnmiz
caordinte M 1628 (31], (S Rep Heaty of 1 ntty-roll

gompinaf s V7Y eapsid pratatn {herzed in tha resrasaniption ol the
viralparticia’nthe centye) af tho Mahoney sinin of typs 1 human
poilowirus snen fram tha sids {iop) andtop (bottom) orisntation,
Strands arz colouted and nurnibered ayin (el and (B Tha tepologtcal
ergantaatiencd tm aight [:=nt1a et of th THD, with Do

pUon ot thetwa ) P invengs Aand B Modzhzm besad
o the PDB atamis coardinata fils 201V [36].

predicted tooecur in FasL, LIGHT, VEGI, CD30L.
and CD27L, wheress TWEAK, EDA, APRIL and
BAFF have a predictad disulfide bridge between

B strands E and F. In TRAIL., asingle cysteine
residus {Cys230) in tha EF loop isinvolved in the
coordinaticn of a Za{T} lan, with each manamer
contributing to one coordination posttion; the fourth
ceardination pesition is ococupled by an internal
solvent molecule or a chloride counter-ion [24--28].
This metalbinding site Is unique so far in the TNF
family, and nffects the stabtlity and Heactivityof
TRAIL [26,28,29], Inconrplete Zn coordinatimn, and
formation of partially axidized, disuifide-linked
species of TRAIL, have recently been suggested to
account for its hepatotaxdty {30,

TNF-rplated struchureg~ tha Oy family
Crystallographlestudies revealed that TNF and the
globular gClq damain of mouse ACRP30 havea
clnsely related tertinry structure and trimeric
organtzation, suggestive of an evolutonary ik
between the TNF and Clq famniles 31} (Fig, 3a.b).
The human Clq gene family comprises, sofar,

13 members {Fig. 2}, which are characterized by the
presence of a trimerde globular C-4erminal domain,
kmown as gC1q. The prototypical member of the
farnily 1s Clg, abougtat-like molecule comprising
18 chains (sbeeach of C1gA, C1qB and C1qC) that
assodlate into sixheterotrimerie gClq domatns held
together by  bundle of collagen damains, Clg
recognizes lounune complexss and triggers the
ciasstcal complement pathway (recently reviewed In
Ref. {32]). The Clq family also contains several
coltagenous members (CRF, ACRP30, CORS28,
EMILIN-1 and -2, and collagena VI and X} and two
nan-collagensus members (Precerebellin and
Multimerin) {Flg. 2}, Many of these proteins are
companents af the extraceiluler matrhe in diverse
organs (32]. ACRP30 is an abundant servm protein
that is synthesized by adlpose tissues in response to
insulin, and is downregulated in obese mouse and
humans [33,24]. The hamaolapues of ACRP30 are
drestically downregulated in the sepum of
Hbernating Siberfan chipmunks, peinting to a rele In
energy metabolism, Indeed, ACRP30 Induces walght
1oss inmice via activation of fatty acld ratabollsm [35].
Conserved restdues of gClq domatns are located



within the core B strands, as previmusly discussed for
THD domains, Although the sequence [dentity
between the two familles is reduced tyonly four
amine edd restdues {indleated with arrowheads In
Fig, 2}, the overall rydrophoble character of the
Internsl J-pleatad sheatls maintained in both
familles.

Todate, there isneevidence that themode of
Interaction described In the TNF family alsoapplies
to proteins containing globular Clg domalns. Several
Clqreceptnrs have been deseribed, butnone of them,
withtha notahie exception of the inmune complex,
binds to the glebular domain, Nevertheless, the
recent demonstration that the gClq demnainof
ACRP30 s hialogleally active implies the existence of
ACRP3Q receptor{s), which could be structuraily
related tn TNF receptors.

‘TNF-ralated structures - viral capsid proteins

As first natived bry Jones and Eckin 1889, the overall
fold and topolegy. of the THD {s very stmilar tn that
of the capsid proteins of siall spherical plamt
viruses {e.g. Tomat Bushy Stunt Virus and Satellite
Tobaceo Necrosis Virus) and memmalian
picornaviruses {ineluding the conmman human
Rhinsviruses, the Foot-and-Mouth Dissase Virus
and Poliovirus), despite there batng no detectable
stmilarity at the primary sequence leval {20,21).
Altheugh these capsid protelns associate 2lenga
fivefold Instead of a threefold axis of symmatry, the
connectivity of their fstrands 1s identical tn that of
the THD, with the exception that strands A and

B are not interrupted by loops [36] (Fig. 3¢). These
fivefold structures appear on the virus surface ag

12 broad, star-lke protuberancss (Fig. 3c). Although
the structural relationship existing between

these apparently unrelated protein familtes
highlights the propensity of Jelly-roll" motifs to
oligomerize, there appears to bano functianal
conservation between TNF famlly members and
{cosahedrat viral capsid pruteins. Indesd, the
raceptors ellowing entry of this class of viruses intn
celts do not helong to the TNF receptor family and do
not bind directly to the ollgamerie jelly-roll'
strueture [37], -

The TNF receptor family

Inhumans, 29 TNF receptors have so far bezn
Identifled {Fig. 1), These are primarily type I
{extrazellular N term!inus, intraceliular C terminus)
transmemhrane proteins, but there are exceptions
to this rule: BCMA, TACL BAFFR and XEDAR are
type Il transmembrane proteins (lackinga sipnal
peptide), TRAIL-R3 is anchored by a covalently
linked C-terminal glycoliptd, and OPG and DeR31ack
a menbrane-Intaracting domain and are therefore
secreted as soluble proteins. Soluble receptors can
also be generated by proteolytic processing {CD27,
CD30, CD40, TNF-R1 and TNF-R2) 136, orby
alternative splicing of theexon encoding the

T I o5 inischeimical Sefenzes Vo7 Nal January 2002 =

transmembrane domaln (Fas and 4-188) 139). The
essential role of thesaseluble recepters Inmodulating
the activity of thelr rognate Hgends has been well-
documented {for OPG and TNF-R1 examples, see
Refs [40,41]). In addition, seversl viral open reading
framas encade recegtor homelogues that Intaract
with TNF and that are belleved to Interfere with the
anset of inflammatery responses: SVF-T2 in Shope-
fibroma virus, Va53R in Vaceinla, and cytokine
respanse modlfiers CrmB, CrmC and CrmD in
arthopoxviruses (reviewed [n Ref, [35]), The INF
recaptor family member NGFR 15 unique i that it
binds low-afinity ¥gends that do not helong to the
TNF famity. These ligands (NGF, BDNF and
neurotrophins) also engage a famnily of high-affinity
tyrosing receptor kinases {trkA, B and C), which are
unrelated to TNF receptors [42). The exdstence of 2
bona fde TNF ligand for NGFR cannot he excluded at
present.

Strashiral fastures of tha TNF recoptor family

The extracellular domains of TNF receptors are
characterizad hy the presence of cystaine-rich
domains {CRDs), which are pseudp-repeats typlcally
containing six cystelne residues engaged In the
formation of three disulfide bords, The mimber of
CRDs in a given receptor varies from ane to four,
except In the case of CD30 where the thres CRDs
have been partially duplicated in the human but not
inthe mouse sequence. The repeated and regular
arrangement of CRDs confers an elongated shape
upon the resaptors, which Is stabilized by a slightly
twisted ladder of disuifide bridges (Figs 1.4).
Sequence allgnment of TNF receptor family
members in the absence of structural information Is
diffeuit because the spacing of cystetne residues s
not always conserved between receptors, Nalsmith
and Sprang have introduced aclassification based
an distinct structural modules that grestly
facilitates sequence comparison batween TNF
receptors {43). Each module type is designated by a
letter (A, B, C snd N forerystalllzed modules, and X
for modeles of unknown structure), and by a
numeral indicating the number of disulfida bridges
it contatng, A typleal CRD is usually composed of an
Al-B2 or AZ~Blmoduls or, Jess frequently s
different pair of modules. AX madules are 12-27
amiro actds lang, consist of three short f strands
linked by turns, and contaln a single disuifide
bridge connecting strands 1 and 3, ylelding a
characteristle C-shaped structure (Fig, 4}, A2
modules contain a second disulfide bridge linking
the seeond and third strands without, affecting the
overall structure. B modules are 2124 amino aclds
long and comprise theee antt-paralle] strands
adopting an S-sheped fold reminiscant of a paper
clip (Fig. 4). In this case, the fold s constrained by
two entangled disuifide bridges linking strands 1
and 3 in B2 modules. The first disulfide bridge Is
replaced by a hydrogen band in B1 modules [43].



——— e -

w TRENDS th Blocsmizal Sclences Voot a1 Temsary 2002

At modula

82 moduls

Ai82 domaln

X 1.«' 3 Cys-tich domain
2 ' i
clj-zH-?rx”G-xg-(l:;-'FerD-ﬁv-?.

hTNRR1 ED hlaminin
(3can) (3 x EGF)

nmtmmmmﬂmﬁmmhmmmudmhﬂhmm
fieqots fastor (TNF) receptens. Albbon represezesiien of an A1 meayly
[t bhua, tap {eft) arc s [ 1x g weith
thalr consatiin sequaties, in tha middis, th two modites ke
bired o g [ dn (RD). Tha tut
Rular ciorathy aavers! (s ot oacty
Sther, Thaenttery f U s tarrial grecwth factor (S13F)
T by imbar,

pryer B 3 CRDS{3Y, thown th whfts),
Mndal on Le PO i fMes TTNR
{TNF temnpion} 122] el HLD (lamintnyd) [48]).

The structure of A and B modulesis alsa reflectsd at
thelevel af the primary sequenea by the
censervation of a few non-cysteing residues. Qther
madules are less frequent. So far, tha N-terminal N1
medules have been found ly n the TRAIL
recepioss, in which they preceds the first AJ-B2
CRD. Structurally, the NI module resembies the
second hatf of a B module [24,25,27]. The fourth
CRD 6f TNF-R! comtalns an A1~02 module palr, in
which the cysteine connectivity of C2 is distinet
from that of a B2 module. TACEL, BCMA end Fn 14
also contaln putative A1-C2 CRDs, hut these
remialn t be demenstrated at the structura! level,
Flnally, we have collectivaly designated, as X2, four
unrelated modules of unknown structure that are
frund in TRAMP, GITR, BAFFR and viral CrmC.
The recently described BAFF receptor (BAFFR) 144]
contains a single X2 medule whase sequencs
resembles an A madule entangled with the
beginning of a B medule, Mors steuctursl work is
needed tounderstand the molecular interaction of
this receptor with BAFF, TNF receptors ars often
viewed asmonumers, principally because thay

i trendunm

appear {n this form in erystal structures of
Ugand-receptor camplexns. However, TNF-R1 has
elso been crystallizad as both head-t-head and
head-ti-tafl dimers [45], and there Is genatic and
experimental evidence that Fas, TNF-RI and
CD40 exist as preformed oHgomers within the
plasma membrans {46]. Self-association of the
recepiurs depends on anN-terminal pre-Hgand
asspelation dometn (PLAD) that ineludes the first
CRD and that s nat directly invalved in igand
binding,

TNFR-ralated strsttures - the EGF-ie domatn

Al and B2 modules are not restricted to the TNF
rezepter family bart also farm the structura! basis of
epidermat growth factor (EGF)-like dumatns present
in several proteins such as laminins, Lamining ars
composedef threa related chains (i, fandy, of which
there are different isaforms) assoctated by s
C-terminal colled-coll domain. These chaing dlsplay
several glebular domalns in their N-terminal mofeties
withIntervening, elongated structures composed of
EGF-like repeaty {47]. As shown InFig, 4, theaverall
structure of EGF-like and CRD repeats §s stelikingly
stmilar, except that A1~B2 modudes in laminin are
separated by en additional module, which wehave
destgnated 51 beeause of Its smali stze [48], EGF-Hks
repeats 3-5 of the ! chain of laminin bind Nidogen-1,
B protein that interconnects laminin molesules fn the
basementmembrane, tnit whase sequenca is
unrelated to TNF or C1q family members. Sofar,
there is i evidenee that EGF-like repeats bind
TNF-or Clq-llke ligands.
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